Introduction
[2] The reconstruction of Holocene climate is mainly based on tree-ring chronologies [Cook et al., 2002; Büntgen et al., 2005; Frank and Esper, 2005] , pollen data [Lotter et al., 2000; Davis et al., 2003] and high-resolution time-series from ice-cores [Fischer et al., 1999] , sediment cores [Bond et al., 2001; Haug et al., 2001] , and stalagmites [Neff et al., 2001; Fleitmann et al., 2003; Wang et al., 2005] . Most of these archives indicate a Northern Hemisphere climatic optimum during the Mid-Holocene between 9 and 6 thousand years ago (kyr) which is ascribed to the maximum in Northern summer insolation [Berger and Loutre, 1991] . Furthermore, several decadal to centennial climate oscillations like the Medieval Warm Period (MWP) are visible [Moberg et al., 2005] , but their trigger has remained uncertain so far [Broecker, 2001; Mann and Jones, 2003; Luterbacher et al., 2004] . The compilation of Mayewski et al. [2004] revealed six periods of rapid climate change (RCC) of global extent and showed that Holocene climate has been highly variable. However, not all sites responded equally and synchronously during these events. Some of these mismatches may be attributed to dating uncertainties.
[3] The Alps belong to the regions where the Holocene climate variability has been most intensively studied. Variations in vegetation, glacier extension [Nicolussi and Patzelt, 2000; Hormes et al., 2001; Holzhauser et al., 2005; Joerin et al., 2006] , timberline [Haas et al., 1998; Tinner and Theurillat, 2003] , tree-ring width as well as periods of solifluction and pedogenesis and lake and river history [Magny, 2004; Magny and Haas, 2004] indicate major climate oscillations. A compilation of these results is given for example by Furrer [2001] and Veit [2002] . Accordingly, exceptionally warm conditions prevailed between 9 and 6, around 4, between 2.3 and 1.6 kyr (Roman Warm Period, RWP), and around 1 kyr (MWP). Cooler conditions are detected around 5.5, 3.3 and between 0.65 and 0.15 kyr (Little Ice Age, LIA).
[4] Stalagmites are ideally suited to investigate shortterm Holocene climate variability because they can be precisely dated with U-series methods and record variations of past temperature and precipitation in their oxygen isotope signals with high resolution [e.g. Neff et al., 2001; Fleitmann et al., 2003 ]. Here we use three stalagmites from the high-alpine Spannagel cave (Austria) to construct a combined oxygen isotope record for the last 9 kyr which shows several distinct climate oscillations.
Geologic and Climatic Setting
[5] The Spannagel cave is located around 2,500 m above sea level (asl) at the end of the Tux Valley in Tyrol (Austria) close to the Hintertux glacier (auxiliary material 1 Figure S1 ). While the area above the cave is ice free at present, it was covered by ice during past glacials as well as during colder periods of Interglacials. It is important to note that the coverage of the cave by the glacier does not necessarily lead to a cessation of stalagmite growth as long as the glacier is temperate. Spötl et al. [2006] proposed that the area of Spannagel cave was covered by a temperate glacier during Marine Isotope Stage (MIS) 3 which was substantially colder than the Holocene. These conditions made possible stalagmite growth even during this colder period.
[6] Presently, the temperature inside the cave is between 1.8°and 2.0°C, and relative humidity is near 100%. The CO 2 concentration of cave air is similar to the corresponding atmospheric value at this altitude which is related to the sparse soil and vegetation cover above the cave system. As a consequence, the acidity required to dissolve the marble host rock is only partially derived from pedogenic CO 2 ; oxidation of disseminated sulfides also releases acid which reacts with the marble [Holzkämper et al., 2005] . Therefore, the d 13 C signals in these stalagmites are affected by site specific factors [Spötl et al., 2004; Holzkämper et al., 2005; Spötl et al., 2006] . From this follows that the d 
Material and Methods
[7] The three Holocene stalagmites used in this study (SPA 12, SPA 128, and SPA 70) were collected far from the cave entrance in the so-called ''Tropfsteingang'' (auxiliary material Figure S1 ). While SPA 12 (2,347 m asl) and SPA 128 (2,344 m asl) grew closely to each other (8 -10 m distance), stalagmite SPA 70 (2,335 m asl) was sampled in a distance of approximately 50 m. Thus, all three stalagmites formed under very similar conditions.
[8] The three stalagmites were dated with the U/Thmethod. The sample preparation and U/Th-measurements are described in detail in the auxiliary material. U/Th dating results are listed in auxiliary material Table S1 . All ages are quoted as kyr ago and correspond to the year of measurement (i.e., 2004 AD). A conversion to kyr BP can be performed by subtracting 54 yr. Samples for stable oxygen isotope analysis were measured by mass spectrometry (see auxiliary material).
Results
[9] Auxiliary material Figure S2 shows the age-depthrelationships for all three stalagmites. Sample SPA 12 grew within the last 5 kyr. The younger part (between 0 and 15 cm distance from top) with a rather high growth rate (75 mm/yr) was already used to derive a temperature reconstruction for the last 2 kyr . The older section (between 15 and 20 cm distance) exhibits a substantially slower growth rate (17 mm/yr). Stalagmite SPA 128 covers the period between 5.5 and 2.5 kyr and shows a rather constant growth rate (40 mm/yr) except for its oldest part between 8.5 and 10.5 cm distance from top. In this part which corresponds to a period between 5.5 and 4.6 kyr the growth rate was substantially slower indicating a possible hiatus (auxiliary Figure S2 ). Sample SPA 70 formed between 9.8 and 2.3 kyr with a constant growth rate of approximately 28 mm/yr. Similar to SPA 128, the age-depth model of SPA 70 indicates a hiatus between 4.6 and 3.6 kyr.
[10] To convert the d 18 O vs. depth profiles into d
18
O vs. age profiles, we constructed an age-depth model by applying an Akima [1970] interpolation (auxiliary Figure S2 ). The d
O vs. age profiles of the three stalagmites are shown in auxiliary material Figure S3 . d
18 O values in sections with possible hiatuses (auxiliary material Figure S2 ) are not displayed. Overall, the three stalagmites cover the last 9 kyr whereas the period between 9 and 5.5 kyr is only represented by sample SPA 70 and the last 2.5 kyr are only recorded by SPA 12. Between 5.5 and 2.5 kyr the three stalagmites grew simultaneously providing the potential to build a combined record from all three samples.
Constructing a Combined Record for the Last 9 kyr
[11] Because the three stalagmites were collected in the same passage of the cave within a maximum distance of 50 m, we expect that they all grew under similar environmental conditions. In principle, the oxygen isotope signal of speleothems is influenced by (i) the d 18 O of the drip water, (ii) the temperature in the cave, and (iii) effects of kinetic isotope fractionation [Mickler et al., 2004 [Mickler et al., , 2006 . Due to the very low (1.8 -2°C) temperatures that are accompanied by high drip rates in summer, outgassing of excess CO 2 is very slow in the Spannagel cave, and kinetic effects should therefore be negligible (see auxiliary material for details and compare auxiliary material Figure S4 ) [Hendy, 1971; Mickler et al., 2004; Mangini et al., 2005; Mickler et al., 2006] . The sampling sites are located deep inside the cave. Thus, and because of the small distance between the different sampling sites, we can reasonably assume that the overlapping growth periods of the stalagmites were affected by the same variations of temperature in the cave. Figure S3 ) may then be explained by a higher contribution of glacial melt water with low d
18 O values. Such variations may be caused by different flow paths of the seepage waters.
[12] To generate a combined record for the last 9 kyr with the three stalagmites, the differences in the levels of their d
18 O signals must be accounted for (auxiliary material Figure S3) . We use the level of SPA 12 as a reference for the combined record because (i) it covers the most recent period and (ii) there is already a temperature reconstruction available based on these isotope data. Because the different d
18 O levels seem to be a general feature of the individual records (auxiliary material Figure S3 ), this can be corrected by adjusting the entire records of SPA 128 and SPA 70 on the level of SPA 12. Details of the construction are given in the auxiliary material. The combined d
18 O curve (COMNISPA, Figure 1) is composed of (i) the original SPA 12 record between 0.07 and 2.56 kyr, (ii) the averaged curve of SPA 12 and SPA 128 (adjusted to the level of SPA 12) between 2.56 and 4.62 kyr, (iii) the SPA 12 record between 4.62 and 5.07 kyr and (iv) the SPA 70 record (adjusted on the SPA 12 level) between 5.07 and 9 kyr.
[13] To account for possible uncertainties arising from the adjustment of the individual curves, an uncertainty range for the composite part of the curve was estimated (see auxiliary material) (Figure 1 ). Because the single parts of the COMNISPA record mainly consist of the d 18 O signal of an individual stalagmite, the error ranges rather give an estimate of the uncertainty of the absolute level of the combined signal than of the successive variations.
Discussion
[14] The combined d
18
O record of the three stalagmites shows substantial variability within the last 9 kyr (Figure 1) , characterized by short -term periodic events rather than consistent long-term trends. This supports the pollen-based results of Davis et al. [2003] . Mangini et al. [2005] provided two hydrological explanations for the observed relationship between climate and variability of d
O in the record of SPA 12 during the last 2 kyr. The first one relies on variable contributions of summer and winter precipitation to the ground water reservoir feeding the cave drip water. At present, winter precipitation contributes about 40%. A reduction of this value to 32% for instance, would result in d
O values higher by 1%. The second explanation they provided is that the oxygen isotope composition of the stalagmites reflects changes of the strength of the NAO index which was shown to be related to temperature in the Alps [Wanner et al., 2003] . For instance, a reduction of the contribution of isotopically lighter winter precipitation during a NAO+ situation would result in higher d
O values of the average annual precipitation and vice versa.
[15] According to this interpretation, the variations in isotopic composition result from mixing of different types of precipitation. Mangini et al. [2005] O values, respectively, within the last 9 kyr (Figure 1) . The most pronounced and long-lasting phase of low d
18 O values occurs between 7.5 and 6.5 kyr and persists on slightly higher values until 5.9 kyr. Further periods of low d
18 O values are between 3.8 and 3.6 kyr and during the MWP between 1.2 and 0.7 kyr. Between 2.25 and 1.7 kyr, a time known as the Roman Warm Period (RWP), some of the Alpine passes were ice-free also in winter [Veit, 2002] . COMNISPA shows higher d
O values during the RWP than during the MWP and suggests a shorter duration of the RWP than other archives (e.g., the glacier extension record, Figure 2 ). It is noteworthy, however, that COMNISPA has a pronounced peak at 2.2 kyr, synchronous with Hannibal's crossing of the Alps in 218 BC [Veit, 2002] .
[17] In contrast, periods of high d
O are visible between 7.9 and 7.5, 5.9 and 5.1, 3.5 and 3 kyr, and during the LIA between 600 and 150 yr. The period between 5.9 and 5.1 kyr has equivalence in many records from various regions in both hemispheres corresponding to global cooling [Magny and Haas, 2004] . It also includes the time of the Alpine Iceman at 5.3 kyr [Magny and Haas, 2004] .
[18] The timing of the climatic variations revealed by COMNISPA agrees approximately with that shown by other Alpine archives [Haas et al., 1998; Nicolussi and Patzelt, 2000; Hormes et al., 2001; Magny, 2004; Magny and Haas, 2004; Mayewski et al., 2004; Holzhauser et al., 2005] .
[19] To minimize possible site specific differences between the records [Mayewski et al., 2004] , we compare COMNISPA only to alpine archives of glacier extension [Holzhauser et al., 2005] and lake level [Magny, 2004] for the last 3.5 kyr, as well as to a glacier extension record based on radiocarbon dated wood and peat fragments [Joerin et al., 2006] for the last 9 kyr.
[20] Holzhauser et al. [2005] compared the timing of successive phases of advance and retreat of the Great Aletsch glacier during the last 3.5 kyr with lake level time series from eastern France and the Swiss Plateau (Figure 2 ) and suggested a correspondence between the paleohydrological and paleoglaciological records. However, the authors also discuss some discrepancies that are visible in Figure 2 . The comparison of COMNISPA with this paleohydrological and paleoglaciological set of data shows that phases of low d
18 O values correspond to periods of low lake level and glacier retreat (Figure 2) . Conversely, high d
18 O values match with high lake levels and phases of glacier advance. This correspondence supports the relationship between d
O in the Spannagel cave stalagmites and hydrology suggested by Mangini et al. [2005] . The timing of the variations in COMNISPA which has a higher resolution than the glacier as well as the lake level record agrees well with both records during the last 1.5 kyr, where all archives clearly record both the LIA and the MWP. However, in the older section, between 3.5 and 1.5 kyr, COMNISPA rather 18 O values between 7.5 and 5.9 kyr (Holocene Climatic Optimum), 3.8 and 3.6, and 1.2 and 0.7 kyr (MWP) and high d
18 O between 7.9 and 7.5, 5.9 and 5, 3.5 and 3 kyr, and 600 and 150 yr (LIA). The timing and duration of these variations is in good agreement with that of warm periods documented by dated wood and peat samples [Joerin et al., 2006] and other alpine archives.
agrees with the lake level record than with the glacier data. For example, the period of high lake level between 3.5 and 3.2 kyr corresponds to a period of higher d
18 O values in COMNISPA whereas it has no counterpart in the glacier record.
[21] Joerin et al.
[2006] dated wood and peat samples which were released by melting Swiss Alpine glaciers located between Engadin and Valais. Figure 1 shows the age distribution of their samples indicating glacier extensions smaller than 1985 AD and, therefore, periods when climatic conditions were different than at this time [Joerin et al., 2006] . Both the d
O maxima and minima recorded in COMNISPA clearly have counterparts in the glacier recession record [Joerin et al., 2006] . In particular, the majority of wood and peat samples formed during the period between 7.3 and 6.5 kyr where COMNISPA exhibits its most pronounced phase of low d [22] Another interesting feature is that the prominent 8.2 kyr cold event (see Alley and Á gústsdottir [2005] for a detailed discussion), lasting from 8.3 to 8.1 kyr in COMNISPA, is not as pronounced as in other records. This indicates either that the 8.2 kyr event did not have such a strong impact in the Alps or that it is not reflected to its full extent in COMNISPA. This question cannot be answered at present. Kofler et al. [2005] analysed subfossil pollen in the Eastern Alps and found a vegetation response between 8.1 and 7.9 kyr suggesting cool summer temperatures. In addition, a moraine complex in the Silvretta Mountains, Austria, that was stabilized around 8.4 kyr may possibly be correlated with the 8.2 kyr event in a broader sense [Kerschner et al., 2006] . In contrast, the alpine speleothem record from Grotta Savi [Frisia et al., 2005] [23] In summary, despite some uncertainties in the interpretation of the d
O signal, COMNISPA represents a new high quality record for the Alpine Holocene with exceptionally small dating uncertainties and a resolution similar to that of ice cores. The records of lake level and glacier fluctuations in the Alpine region within the last 9 kyr reproduce to a good extent the COMNISPA reconstruction. Some of the discrepancies between the records could be due to different response time to climate forcing.
Conclusions
[24] We established a precisely dated, continuous d 18 O curve (COMNISPA) for the last 9 kyr based on three stalagmites from the high alpine Spannagel cave which grew in small distance from each other. Due to the low temperatures in the cave, they show negligible evidence for kinetic isotope fractionation. COMNISPA exhibits substantial oscillations with low d
18 O values between 7.5 and 5.9 kyr (Holocene Climatic Optimum), 3.8 and 3.6, and 1.2 and 0.7 kyr (MWP) and high d 18 O between 7.9 and 7.5, 5.9 and 5, 3.5 and 3 kyr, and 600 and 150 yr (LIA). The timing and duration of these variations reproduces to good extent the Alpine records of lake level [Magny, 2004] and glacier fluctuations [Holzhauser et al., 2005] during the last 3.5 kyr. In addition, it is in agreement with the timing of periods of reduced glacier extension during the last 9 kyr documented by dated wood and peat samples [Joerin et al., 2006] . This suggests that COMNISPA reflects past changes in both precipitation and temperature.
[25] Acknowledgments. We thank M. Wimmer and R. Eichstädter for their work in the stable isotope and TIMS laboratories. The manuscript was improved by two thoughtful anonymous reviews. The funding was Figure 2 . Comparison of COMNISPA (red) with the extension record of the Great Aletsch Glacier (Switzerland, top, after Holzhauser et al. [2005] ) and the west-central European lake level record (bottom, after Magny [2004] ) for the last 3.5 kyr. It is visible that glacier advances coincide with phases of higher lake level and vice versa in the majority of cases [Holzhauser et al., 2005] . Several climatic oscillations recorded by COMNISPA are in good agreement with both records, for example during the Little Ice Age (LIA), the Medieval Warm Period (MWP), the phase between 1.6 and 1.4 and around 2.5 kyr. COMNISPA suggests a less pronounced Roman Warm Period (RWP) than the glacier extension record, but bears rather good resemblance to the lake level record. In the same way, COMNISPA and the lake level record have a rather high similarity between 3.5 and 3.2 kyr showing high d
18 O values and lake levels, respectively, while the glacier record suggests a lower extension than today.
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